Introduction {#sec1}
============

A challenge in medicinal chemistry is the appropriate evaluation of structure--activity relations. If the assays fail to fully capture the critical features determining biological activity, then the impact from the synthetic effort is correspondingly diminished. The traditional model of drug action is of a ligand binding to a drug target, with response linked to target occupancy. The profound progress in our understanding of cellular biochemistry now affords detailed, albeit still developing, insights into the complexity of regulation of individual drug targets. Incorporating these insights into the evaluation of structural analogues promises new opportunities for enhancing efficiency in drug development. This concept of molecular systems pharmacology, probing contextual structure--activity relationships (CSARs), is illustrated here for a particular therapeutic target, protein kinase Cδ (PKCδ), which displays complex regulation in response to ligands directed at its regulatory C1 domain.^[@ref1],[@ref2]^ We show that a series of ligands for the regulatory domain of PKCδ are not equivalent but can be distinguished by the isoelectric focusing signatures of PKCδ that they induce, as detected by a capillary isoelectric focusing immunoassay system. In this system, proteins and their phosphorylated isoforms are separated by charge, followed by target specific antibody probing and chemiluminescence detection. Multiple phosphorylation isoforms can be simultaneously separated, detected, and quantified allowing fine dissection of molecular signaling events.

PKC plays a central role in cellular signaling, responding to the lipophilic second messenger *sn*-1,2-diacylglycerol (DAG), and is a validated therapeutic target for cancer and a range of other conditions.^[@ref3]^ DAG, which is generated as one of the products of phosphoinositide turnover in response to activation of a wide variety of cellular receptors, binds to the C1 domains of PKC. The C1 domains function as hydrophobic switches.^[@ref4],[@ref5]^ They possess a hydrophobic surface interrupted by a hydrophilic cleft. The DAG, ultrapotent surrogates such as the phorbol esters, or synthetic ligands such as DAG-lactones^[@ref6]^ or benzolactams^[@ref7]^ insert into this hydrophilic cleft, completing the hydrophobic surface as well as providing additional hydrophobic structural elements. Driven by this increase in hydrophobicity, the C1 domain--ligand complex associates with the membrane, bringing about conformational change in the PKC leading to enzymatic activation and a shift in its subcellular localization.

Both the pattern of membrane localization and the kinetics of the shift in localization markedly depend on the structure of the ligand. More lipophilic ligands, such as phorbol 12-myristate 13-acetate (PMA), initially cause PKCδ to move to the plasma membrane, after which it slowly shifts in part to internal membranes. More hydrophilic ligands, such as phorbol 12,13-dibutyrate, in contrast, cause the initial localization to the internal membranes.^[@ref8],[@ref9]^ The pattern of localization, moreover, correlates in part with the pattern of biological response. Thus, the tumor promoting derivative 12-deoxyphorbol 13-tetradecanoate behaves like PMA, whereas the antipromoting derivative 12-deoxyphorbol 13-phenylacetate acts like phorbol 12,13-dibutyrate.^[@ref8]^ Indirect evidence suggests that the influence of localization may be yet more complex. Marquez and co-workers evaluated, in a range of biological systems, combinatorial libraries of DAG-lactones that only varied in their hydrophobic substituents.^[@ref10]^ Virtually each biological assay revealed a different pattern of structural selectivity. The authors hypothesized that the varied hydrophobic moieties provided chemical "zip codes" to membrane subdomains, at a level of resolution beyond that revealed by imaging of GFP-tagged PKC constructs.

A further critical level of regulation for PKC is by phosphorylation (Figure [1](#fig1){ref-type="fig"}),^[@ref11]^ where phosphorylation at serine/threonine sites in the activation loop, the turn motif, and the hydrophobic motif of the kinase domain are required for rendering the enzyme capable of being activated upon binding of ligands to its C1 regulatory domain, as well as controlling its stability within the cell.^[@ref12]−[@ref15]^ Additional regulation, although not as well understood, is exerted by phosphorylation of tyrosine residues.^[@ref16]−[@ref18]^ In the case of PKCδ, different tyrosine residues are required for the function of PKCδ for different biological end points. Thus, mutation to phenylalanine of tyrosine residues at positions 64 and 187 of PKCδ blocks its contribution to apoptosis of C6 glioma cells in response to etoposide, whereas mutation of residues at positions 52, 64, and 155 enhanced apoptosis of the C6 cells in response to Sindbis virus.^[@ref19],[@ref20]^ Additionally, phosphorylation at tyrosine 311 has been reported to change its selectivity for the substrate cardiac troponin I.^[@ref21],[@ref22]^ Multiple additional phosphorylation sites on PKCδ have been characterized (Figure [1](#fig1){ref-type="fig"}).^[@ref23]−[@ref25]^ Ser 299 is of particular interest in that it has been suggested that this site provides a marker of the enzymatically active PKCδ, as distinct from the enzyme simply being in a state capable of being activated by ligands.^[@ref23]^ For most of the sites of phosphorylation, however, neither is their regulatory impact known nor are reagents available for assessing their phosphorylation.

![Sites of phosphorylation on PKCδ. Sites of phosphorylation on Ser/Thr and on Tyr of human PKCδ are indicated (numbering for the mouse/rat isoforms is in italic).^[@ref15],[@ref23]−[@ref25],[@ref55]^](jm-2014-00417b_0001){#fig1}

The pattern of PKCδ phosphorylation will necessarily reflect an integrated measure of ligand binding, conformational change, and colocalization with kinases such as PDK1, with tyrosine kinases such as Abl or Src, or with protein phosphatases such as PHLPP.^[@ref26],[@ref16]^ In elegant studies using FRET reporter constructs, Newton et al. showed marked differences in the level of phosphatase activity as a function of the particular membrane compartment.^[@ref27]^ Furthermore, the pattern of phosphorylation itself influences localization of PKCδ.^[@ref28]^

In the present study, we direct particular attention to three PKC ligands with different biology. Although PKC isoforms are activated by binding of diacylglycerol, phorbol esters, and related ligands to their C1 domains, downstream consequences are not necessarily the same. Bryostatin 1 is a complex macrocyclic lactone that binds with high affinity to the same site on the C1 domain as do the phorbol esters, leading to enzymatic activation. Paradoxically, however, bryostatin 1 fails to induce many of the responses typical of the phorbol esters and, when added in combination with the phorbol ester, suppresses the phorbol ester response.^[@ref29],[@ref30]^ Of particular note, whereas the phorbol esters represent the paradigm for tumor promotion, bryostatin 1 fails to be tumor promoting and indeed suppresses the tumor promotion induced by phorbol ester.^[@ref31]^ Given the extensive involvement of PKC in cancer, bryostatin 1 is being extensively evaluated in cancer clinical trials. Exciting advances in the chemistry of the bryostatins are now making it possible to explore which structural features confer their unusual pattern of response. The bryostatin derivative Merle 23 has been of particular interest. In the U937 human leukemia cell line, the phorbol ester PMA induces attachment and inhibits proliferation; bryostatin 1 shows little effect in either assay and suppresses the action of PMA; the bryostatin derivative Merle 23 acts like PMA, highlighting the structural features that distinguish Merle 23 from bryostatin 1.^[@ref32]^ In the LNCaP human prostate cancer cell line, PMA induces tumor necrosis factor α (TNFα) secretion and inhibits cell growth; bryostatin 1 again shows little effect on either end point; Merle 23, in contrast to its behavior in the U937 cells, now acts more like bryostatin 1, showing reduced induction of TNFα secretion and little inhibition of cell growth.^[@ref33]^ Detailed analysis of its actions in the LNCaP cells, however, shows that Merle 23 may be more or less PMA-like in this system, depending on the specific response.

Single measures of ligand interaction with PKC, such as in vitro ligand binding or enzymatic activation, while a clear first level of characterization, necessarily cannot capture this degree of complexity found in the intact cell. Chromatographic fractionation of stimulated PKCδ by FPLC yields a broad profile, with different functional characteristics in different portions of the profile, but lacks resolution.^[@ref34]^ Western blotting of PKCδ with an pPKCδY311 antibody reveals that bryostatin 1 fails to induce phosphorylation at this site in LNCaP cells, unlike PMA, but addresses neither the absolute level of substitution at this site nor the status at the other sites of phosphorylation.^[@ref33]^ Here, we explore the potential of high resolution isoelectric focusing with immunoassay detection to provide a signature of the pattern of phosphorylation (or other charge altering modifications) of PKCδ as a function of ligand. Charge-based Simple Western technology is a capillary-based isoelectic focusing (IEF) immunoassay system, which employs high-resolution IEF separation of proteins by charge followed by target-specific immune-probing to simultaneously detect and quantify multiple protein phosphorylation (or other post-translational modification) isoforms. The charge-based Simple Western apparatus and associated software provide a robust platform for sample evaluation^[@ref35],[@ref36]^ and have the potential to detect signals that are not accessible by conventional Western blot.^[@ref37]^ Analyzing a series of ligands for PKC that differ in the patterns of response that they induce in the LNCaP human prostate cell line,^[@ref33],[@ref38]^ we show that these ligands likewise induce different isoelectric focusing signatures for PKCδ. The concept of function-oriented synthesis is that the modern medicinal chemist seeks to capture the relevant functional activity of a lead compound while reducing synthetic complexity.^[@ref39]^ For PKCδ, the isoelectric focusing signature provides an integrated window into the complex consequences of ligand binding and localization in the intact cell, as reflected in its pattern of regulatory phosphorylations or other modifications. This more detailed picture provides an additional layer of insight into contextual structure--activity relationships (CSARs) for PKCδ ligands. Such a signature has value even if, like a gene expression microarray, the individual elements contributing to the signature remain to be dissected.

Results {#sec2}
=======

Modest Differences in Regulation of PKCs by Ligands As Detected by Immunoblotting {#sec2.1}
---------------------------------------------------------------------------------

Analysis by immunoblotting of PKCα and PKCδ in the LNCaP cells upon treatment for 30 min with PMA, bryostatin 1, and Merle 23 showed only modest differences (Figure [2](#fig2){ref-type="fig"}), consistent with our findings as reported previously.^[@ref33]^ With all three ligands, PKCα showed a limited increase in staining for pT638, a regulatory phosphorylation in the turn motif.^[@ref12]^ PKCδ displayed a reduction in mobility together with phosphorylation detected with an antibody directed at pS299, a site associated with PKCδ activation.^[@ref23],[@ref13]^ As shown both by the similar intensities of the bands detected with the PKCδ antibody and by the lack of appearance of lower molecular weight forms (data not shown), proteolytic degradation of PKCδ was not evident under these conditions. In contrast to the similar effects of PMA, bryostatin 1, and Merle 23 on phosphorylation of PKCδ at S299, the three ligands had differential effects, as revealed by staining with an antibody directed at pY311, as previously reported.^[@ref33]^ Strong staining was seen with PMA, very little with bryostatin 1, and intermediate staining with Merle 23. Similar levels of ERK1/2 phosphorylation were observed with all three ligands, confirming that all three ligands were being used at effective concentrations. Because of different affinities of the different antibodies, the absolute levels of modification as detected by the various antibodies could not be compared.

![Changes in phosphorylation of PKCs in LNCaP cells. LNCaP cells were treated with PMA, bryostatin 1, or Merle 23 (1000 nM) for 30 min. Total cell lysates were prepared and evaluated by Western blotting with the indicated antibodies. The results are representative of three independent experiments.](jm-2014-00417b_0002){#fig2}

Marked Differences in Regulation of PKCδ by Different Ligands As Detected by Charge-Based Simple Western Analysis {#sec2.2}
-----------------------------------------------------------------------------------------------------------------

Charge-based Simple Western analysis of PKCδ revealed much greater complexity. By use of antibody directed against total PKCδ, a complex pattern of peaks was already evident for the DMSO control (Figure [3](#fig3){ref-type="fig"}A). In the illustrated experiment, 38.8% of total PKCδ had a pI of 6.66 (peak 18), 19.2% and 17.35% had pI's of 6.31 and 6.94, respectively (peaks 13 and 19) and 10.1% had a pI of 6.61 (peak 17). As discussed below (see Figure [6](#fig6){ref-type="fig"}), peak 18 is detected with antibodies directed against the phosphorylated activation loop (T505) and turn motifs (S643), and, based on its abundance as the major PKCδ peak in the absence of stimulation, it is plausibly the triphosphorylated PKCδ described as being the mature protein capable of activation (there was not a suitable antibody for the phosphorylated hydrophobic motif of PKCδ). Peak 19 is also phosphorylated at the activation loop and turn motifs. Because it has a higher pI (is less phosphorylated) than peak 18, it is possible that it is lacking phosphorylation on the hydrophobic motif. Peak 13, based on its pI, is more highly phosphorylated than is peak 18 and is detected with the antibody for pPKCδS299. It is most like the tetraphosphorylated PKCδ containing the activation loop, turn, and hydrophobic motif phosphorylations. This is not so clear in Figure [6](#fig6){ref-type="fig"} but is supported by other experiments in which peak 13 is more prominent. In any case, as emphasized in our discussion regarding Figure [6](#fig6){ref-type="fig"}, considerable additional work will be required before the modifications responsible for the various peaks are fully identified.

![Complex pattern of PKCδ modification measured by the charge-based Simple Western system. LNCaP cells were treated with PMA, bryostatin 1, or Merle 23 (1000 nM) for 30 min. DMSO was the vehicle control. Total cell lysates were prepared as described in [Experimental Section](#sec4){ref-type="other"} and evaluated by the charge-based Simple Western system using total PKCδ antibody (from Santa Cruz) (A) or pPKCδS299 antibody (B). The results are representative of three independent experiments. Peaks with different isoelectric focusing points (pI) were numbered for easier comparison between runs.](jm-2014-00417b_0003){#fig3}

Upon PMA treatment, there was a dramatic reduction in most of these baseline peaks and the emergence of a highly complex pattern at lower pI, consistent with phosphorylation of PKCδ. Although an overall similar pattern was observed upon treatment with bryostatin 1 or Merle 23 as was seen with PMA, closer examination revealed both the absence of some bands and the emergence of others (Figure [3](#fig3){ref-type="fig"}A). For identification, peaks were numbered and their pI values indicated. The pattern of response was reproducible between different runs for the different treatments, but minor shifts in the pI values for the different peaks were observed and the region around peaks 8--10 showed more variability.

The above pattern was detected with an antibody that detects total PKCδ independent of its state of phosphorylation. We similarly compared the patterns using the pPKCδS299 antibody, which has been described as being selective for the active enzyme (Figure [3](#fig3){ref-type="fig"}B). Here, the pattern is somewhat simplified, representing a subset of the bands detected with the antibody to total PKCδ, but the multiplicity of peaks is still dramatic. Comparison between the patterns with PMA, bryostatin 1, and Merle 23 reveals appreciable differences, with bryostatin 1 treatment leading to a relative deficiency in the more acidic bands seen with PMA, e.g., peak 3, and with Merle 23 yielding a pattern intermediate between that of bryostatin 1 and PMA. Differences in the relative abundance of specific peaks within the profile were also evident. Thus, peak 6 in the PMA treatment profile was markedly diminished upon bryostatin 1 treatment whereas peak 7 was elevated. Conceptually important, all of these peaks were being detected with the pPKCδS299 antibody, so this single antibody was detecting a multiplicity of different modification states of activated PKCδ, which presumably are not functionally equivalent but which all are combined into a single band on immunoblotting and interpreted as activated PKCδ. As discussed in more detail later, we do not know the specific modifications accounting for most elements of the isoelectric focusing profiles in the presence of PMA, bryostatin 1, or Merle 23. All the peaks detected with pPKCδS299 would be expected to contain this phosphorylation and most presumably would contain the phosphorylations at the activation loop (T505), the turn motif (S643), and the hydrophobic motif (S662).

Profiles were dependent not only on the ligand but also on the time of treatment. With time, not only is the absolute level of the PKCδ signal diminished but shifts in the pattern are also observed (Figure [4](#fig4){ref-type="fig"}). This was most evident with PMA and least evident with bryostatin 1.

![The pattern of PKCδ phosphorylation changes with time. LNCaP cells were treated with PMA, bryostatin 1, or Merle 23 (1000 nM) for 30 or 150 min. Total cell lysates were prepared and evaluated by the charge-based Simple Western system using total PKCδ antibody. The results are representative of three independent experiments. Asterisks denote that peaks 9 and 10 show variability compared to peaks labeled 9 and 10 in Figure [3](#fig3){ref-type="fig"}.](jm-2014-00417b_0005){#fig4}

Elsewhere, we have described differences in the extents to which different phorbol esters and related derivatives inhibit proliferation in LNCaP cells or induce tumor necrosis factor α secretion, an important mediator of the inhibitory response.^[@ref38]^ Similarly, tested at concentrations at or above those giving maximal response for these end points, these ligands had different capacities to induce phosphorylation of PKCδ at S299 or Y311 (Figure [5](#fig5){ref-type="fig"}A). We therefore examined this series of compounds for their effects on the PKCδ signature in the LNCaP cells, as detected with the pPKCδS299 antibody (Figure [5](#fig5){ref-type="fig"}B) and total PKCδ antibody (Figure [5](#fig5){ref-type="fig"}C). Levels of individual peaks for the various ligands were expressed as percent of the total PMA signal observed in the case of the pPKCδS299 antibody (to better compare the level of signal activation by different compounds) or as percent of the total signal of that sample in the case of total PKCδ antibody and presented as a heat map (Figure [5](#fig5){ref-type="fig"}B and Figure [5](#fig5){ref-type="fig"}C). The average values ± SEM of all points on the heat map are presented in [Supporting Information](#notes-1){ref-type="notes"} (supplementary data 1A and 1B). A partial correlation with lipophilicity was observed as well as marked differences among ligands.

![The pattern of PKCδ modification is different for different PKC ligands. LNCaP cells were treated with different PKC activators (10 000 nM for phorbol 13-acetate and prostratin, 1000 nM for others) for 150 min. Total cell lysates were prepared and evaluated by Western blotting (A), by the charge-based Simple Western system using pPKCδS299 antibody (B), or by the charge-based Simple Western system using total PKCδ antibody (C). (A) Immunoblot analysis of total cell lysates using the indicated antibodies. A representative image of three independent experiments is shown. For analysis using the charge-based Simple Western system the areas under peaks were calculated and expressed as % of the total peaks for PMA in the same set of runs (B) or % of total peaks in the sample (C). The heat map represents the average % values for each detected peak (*n* = 3 except for phorbol 13-acetate, phorbol 12,13-diacetate, phorbol 12,13-dibenzoate, and phorbol 13-decanoate where *n* = 2). cLogP = calculated log *P* values using Chemdraw.](jm-2014-00417b_0006){#fig5}

Although deconvolution of the various PKCδ modifications responsible for the multiplicity of peaks will be a highly laborious undertaking beyond the scope of the present analysis, it is possible to begin to approach this question using those phospho-specific antibodies that are available (and sensitive enough to detect the responses). This is illustrated for the DMSO control sample, detected with another antibody directed against total PKCδ (antibody from BD Biosciences), as well as those directed against pPKCδT505, pPKCδS643, and pPKCδS299 (Figure [6](#fig6){ref-type="fig"}). The peak profiles detected using the two different total PKCδ antibodies are very similar (Figure [3](#fig3){ref-type="fig"}A, Figure [6](#fig6){ref-type="fig"}, [Supporting Information Figure 2](#notes-1){ref-type="notes"}). Peaks 18 and 19 detected with the total PKCδ antibody also show phosphorylation on sites T505 and S643 (81.35% of total PKCδ is phosphorylated on T505 and S643), whereas about 12.53% of total PKCδ is phosphorylated at S299 under these basal conditions in this experiment (peaks 12, 13, and 17) (Figure [6](#fig6){ref-type="fig"}). The slide also illustrates that the level of basal PKCδ phosphorylation at S299 showed some variation with different batches of cells (compare Figure [3](#fig3){ref-type="fig"}A and Figure [6](#fig6){ref-type="fig"}). Importantly, the figure illustrates that the relative proportions of the peaks with the antibodies directed against total PKCδ permit an estimate of the relative proportions of the modified peaks, whereas their relative contributions could not be inferred from the absolute signal strengths with the various antibodies. Unfortunately, the sensitivities of the antibodies directed against T505 and S643 were not adequate for analysis once the PKCδ profile was spread over the multiple bands upon phorbol ester treatment.

![Detection of changes in PKCδ phosphorylation by the charge-based Simple Western system using different PKCδ antibodies. The total cell lysate of DMSO treated LNCaP cells used in Figure [3](#fig3){ref-type="fig"} was analyzed by the charge-based Simple Western system using the indicated antibodies. The total PKCδ antibody used in this figure was from BD Biosciences. Single experiments were performed with total PKCδ, pPKCδT505, and pPKCδS643.](jm-2014-00417b_0007){#fig6}

To evaluate the role of PKCδ activity in the subsequent phosphorylation changes, we examined the effect of the general PKC inhibitor Gö6983 (3000 nM) on the phosphorylation response. Under these conditions, this concentration of Gö6983 largely but not entirely blocked the PMA stimulated PKC activity, as revealed by immunoblotting (Figure [7](#fig7){ref-type="fig"}A), with a reduction in ERK1/2 phosphorylation and pPKCδS299 staining. By charge-based Simple Western analysis, treatment with Gö6983 alone had no effect on the pattern of peaks (Figure [7](#fig7){ref-type="fig"}B). In contrast, a marked reduction in the overall magnitude of the profile from the PMA stimulated cells was observed upon detection with the pPKCS299 antibody with the residual bands predominantly at higher pI.

![The complex changes in PKCδ phosphorylation are dependent on PKC activity. LNCaP cells were treated with PMA (1000 nM) with or without pretreatment with PKC inhibitor (Gö6983, 3000 nM for 30 min). The total cell lysates were examined by immunoblotting (A) and by the charge-based Simple Western system using pPKCδS299 antibody (B). Data presented are representative of four (A) or two (B) independent experiments. Asterisks in (B) denote that peaks 9 and 10 show variability compared to the peaks labeled 9 and 10 in Figure [3](#fig3){ref-type="fig"}](jm-2014-00417b_0008){#fig7}

We have described earlier that treatment with PMA or bryostatin 1 causes different distribution between a nuclear enriched fraction and the cytoplasm.^[@ref33]^ We confirm here that PMA treatment causes enhanced phosphorylation on Y311 of PKCδ and this species is predominantly found in the nuclear enriched fraction (Figure [8](#fig8){ref-type="fig"}A). Likewise, the pS299 signal upon PMA treatment is predominantly in the nuclear enriched fraction whereas that upon bryostatin 1 treatment is predominantly in the cytoplasmic fraction (Figure [8](#fig8){ref-type="fig"}A). Analysis by the charge-based Simple Western system emphasizes the difference in the profile of PKCδ between these two fractions, with the nuclear enriched fraction enriched in the lower pI forms upon PMA treatment, which is not observed with Bryo 1 treatment (Figure [8](#fig8){ref-type="fig"}B). This is particularly evident upon detection with the pPKCδS299 antibody. The pPKCδY311 antibody did not yield a sufficiently strong signal for analysis of the multiple bands generated upon phorbol ester treatment. Although we do not know if phosphorylation at S299 and at Y311 are found in some of the same peaks, it seems highly likely that they would be at least partially coincident because Y311 phosphorylation is associated with PKCδ that is active^[@ref15],[@ref16]^ and S299 phosphorylation presumably reflects the active conformation of the PKCδ exposing the hinge region, where S299 is located.^[@ref23]^

![Phosphorylation pattern of PKCδ in different cellular compartments. LNCaP cells were treated for 60 min with PMA, bryostatin 1 (1000 nM), or DMSO as control. Nuclear extracts were prepared. PKCδ phosphorylation in the total cell lysates, the cytoplasmic fraction, and the nuclear fraction was detected by immunoblotting (A) and by the charge-based Simple Western system using the pPKCδS299 antibody (B). Data are representative of three independent experiments. Asterisks in (B) denote that peaks 9 and 10 show variability compared to the peaks labeled 9 and 10 in Figure [3](#fig3){ref-type="fig"}](jm-2014-00417b_0010){#fig8}

Only Minor Differences in Regulation of PKCα by Ligands As Detected by Analysis Using the Charge-Based Simple Western System {#sec2.3}
----------------------------------------------------------------------------------------------------------------------------

In marked contrast to the complex pattern of modification of PKCδ upon ligand addition, analysis of PKCα by the charge-based Simple Western system showed only minor changes. A single prominent band was evident in the DMSO control. Treatment with PMA, bryostatin 1, or Merle 23 caused similar, quantitatively minor changes with the appearance of three bands at lower pI (Figure [9](#fig9){ref-type="fig"}). The same simple pattern was detected with the PKCα antibody from Epitomics (data not shown).

![Simple phosphorylation pattern of PKCα measured by the charge-based Simple Western system. The total cell lysates used in Figure [3](#fig3){ref-type="fig"} were evaluated by the charge-based Simple Western system using PKCα antibody (Santa Cruz). The results are representative of three independent experiments.](jm-2014-00417b_0011){#fig9}

Discussion {#sec3}
==========

Our findings have impact at multiple levels. We find that different C1 domain-targeted PKC ligands have qualitatively different effects on PKC phosphorylation (or other modifications affecting the isoelectric point). The isoelectric focusing signature can thus be used as a guide to synthesis, reporting how congeners may retain or diverge in their pattern of action, as reflected through this signature. The charge-based Simple Western resolution of PKCδ isoelectric states revealed both the great complexity and extensiveness of PKCδ modification. Finally, our analysis of PKCδ provided an initial glimpse into the methodological issues and exciting potential of the approach.

It is essential to emphasize that the isoelectric focusing patterns obtained yield a signature for PKCδ modification. Individual peaks within the pattern may represent several combinations of phosphorylation events, provided that each combination results in the same isoelectric point for the protein. Indeed, although the individual peaks are interpreted for convenience as representing different phosphorylation states of PKCδ, the results could also incorporate any changes in isoelectric point arising through other mechanisms. Although degradation cannot be excluded as a contributor to such complexity, we failed to see significant degradation at these early times of treatment upon size fractionation on SDS polyacrylamide gels, either as a decrease in the signal at the size of the intact protein or as the appearance of lower molecular weight bands under our detection conditions. In any case, while we have developed some insights through the use of antibodies of different specificities, full deconvolution of the identities of the combinations of underlying sites and types of modifications constitutes a formidable future challenge. That was not our objective here. Just as patterns of gene expression provide a signature of the systems biology of a cell or tissue, with different signatures being associated with different underlying perturbations of cellular control,^[@ref40],[@ref41]^ so the pattern of modification of protein kinase Cδ provides a signature for the integrated consequences of activation, of autophosphorylation, of heterophosphorylation by both serine/threonine specific kinases and tyrosine kinases, and of dephosphorylation by phosphatases. These in turn will have been influenced not only by PKCδ activation but also by changes in its subcellular localization and interaction with anchoring proteins as well as the kinetics of these changes. Speculatively, a further potential element may be intermediate conformational states of PKC. In the case of PKC βII, recent elegant crystallographic studies indicate that one of the twin C1 domains, the C1b domain, is involved in intramolecular contacts with the kinase domain.^[@ref42]^ Abundant evidence suggests different structure--activity relations for the two C1 domains,^[@ref43],[@ref44]^ and occupancy of just one C1 domain may yield a different conformation for PKC than does occupancy of both.

The LNCaP cells show very complicated behavior in response to treatment with phorbol esters or related derivatives. In response to the typical phorbol ester phorbol 12-myristate 13-acetate (PMA), the cells show growth inhibition and apoptosis.^[@ref45],[@ref46]^ This response reflects both stimulation of secretion of tumor necrosis factor α and modulation of downstream signaling.^[@ref47]^ Like PMA, bryostatin 1 binds to the C1 domains of PKC and leads to PKC activation. Paradoxically, however, bryostatin 1 fails to induce many of the responses typically induced by the phorbol esters, and for those responses that it fails to induce, it inhibits response to the phorbol ester upon cotreatment.^[@ref30]^ Correspondingly, in the LNCaP cells bryostatin 1 fails to inhibit cell growth and induces only minimal tumor necrosis factor α secretion.^[@ref33],[@ref48]^ PKCδ appears to be the primary PKC isoform determining the outcome in this system. This is consistent with our finding that the expression level of PKCδ is at least 20 times higher than other PKC isoforms in LNCaP cells.^[@ref49]^

Bryostatin 1 is of great interest as a therapeutic agent for cancer^[@ref50]^ and dementia,^[@ref51]^ as reflected in multiple clinical trials. Because of the formidable obstacles to supply of this complex natural product,^[@ref52]^ there has been intense interest in the development of synthetic congeners, retaining the same pattern of biological activity as bryostatin 1 while eliminating those structural features that complicate synthesis but are unnecessary for activity.^[@ref39]^ Using the LNCaP cell system as a potential cellular model for evaluating such congeners, we found that the simplified synthetic bryostatin 1 derivative Merle 23^[@ref32]^ appeared to act like bryostatin 1 in this system, failing to inhibit proliferation and stimulating only a low level of tumor necrosis factor α secretion.^[@ref33]^ Further examination of the behavior of Merle 23 in the LNCaP cells, however, revealed appreciable differences between it and bryostatin 1. For example, addition of a proteosome inhibitor shifted the behavior of Merle 23 to that of PMA, whereas the response to bryostatin 1 remained largely the same. In further studies, we showed that a series of other phorbol esters and indolactams likewise did not all behave like PMA but showed variable extents of lesser response, in partial similarity to bryostatin 1.^[@ref38]^ Analysis in the LNCaP cells of compounds drawn from this series thus seemed well suited for detecting potential differences in PKCδ phosphorylation in response to different ligands.

Consistent with the different patterns of biological response, we observed that different ligands indeed caused different signatures of modification of PKCδ (as summarized in Figure [5](#fig5){ref-type="fig"}B). Consistent with the response to Merle 23 not fully resembling that to bryostatin 1, we observed an intermediate pattern of modification. It was also clear that, considering all of the ligands, the patterns could not be simply ordered in parallel with their extents of induction of tumor necrosis factor α or inhibition of proliferation. For example, indolactam V was among the most effective for growth inhibition of the LNCaP cells whereas sapintoxin D was among the least effective.^[@ref38]^ Conversely, phorbol 13-decanoate and phorbol 12-myristate 13-acetate showed similar maximal levels of growth inhibition.^[@ref38]^ We suggest that examination of PKCδ isoelectric focusing signatures for mimicry of the pattern observed for bryostatin 1 may afford a stringent test for synthetic bryostatin derivatives that capture its unique pattern of biological response.

One striking aspect of the difference between the effects of PMA and bryostatin 1 was the presence upon PMA treatment of the more acidic PKCδ bands, as detected with the pPKCδS299 antibody, in the nuclear extract fraction. While this nuclear extract fraction was not characterized in detail and thus could also include some other cellular elements, it showed dramatic contrast between the effects of PMA and bryostatin 1. We have speculated that this difference between PMA and bryostatin 1 may be an important contributor to the differential action of these two agents.^[@ref33]^

Although our goal was to compare signatures of phosphorylation (plus other modifications of isoelectric point) rather than to identify the particular sets of phosphorylated residues represented by each peak, we were able to develop some insights by comparison of the patterns detected with antibodies directed against total PKCδ and against PKC phosphorylated at S299, T505, and Ser643. pS299 has been described as a marker of PKCδ activation in response to ligand binding.^[@ref23]^ pT505 represents phosphorylation of the activation loop, leading to PKCδ being converted to a more active state, and pS643 represents phosphorylation of the turn motif.^[@ref22]^ We could detect and quantify a basal level of S299 phorphorylation in the absence of external activation. While not characterized in detail, this basal S299 phosphorylated PKCδ displayed a lower pI consistent with additional phosphorylations, presumably those at the activation loop, the turn motif, and the hydrophobic motif. Although Y311 phosphorylation would have been of particular interest to evaluate, the quality of pY311 antibodies was not sufficient for analysis with the charge-based Simple Western system.

Although the focus of our analyses was PKCδ, since this residue has been centrally implicated in the unique patterns of response to bryostatin 1 both in LNCaP cells^[@ref48],[@ref33]^ and in other systems,^[@ref30]^ we conducted an initial examination of the response of PKCα, one of the other functionally important PKC isoforms in the LNCaP cells. In comparison with PKCδ, the pattern of ligand induced phosphorylation was markedly less complex. A similar situation was observed for PKD1, a kinase that is positionally regulated through its intrinsic C1 domains as well as activated by phosphorylation by PKC isoforms.^[@ref53]^ The complexity of PKCδ phosphorylation is yet another example of its exceptional behavior among PKC isoforms, along with its differential localization by different ligands^[@ref8]^ and the function of its C2 domain as a novel phosphotyrosine binding motif.^[@ref54]^ One potential basis for its complexity of phosphorylation could be through complex formation of PKCδ with other kinases. Through its C2 domain it can bind to phosphotyrosine residues on other kinases;^[@ref54]^ through its own phosphotyrosine groups it could interact with kinases possessing SH2 domains; through either mechanism it further could interact with adapter proteins bringing it into proximity with other kinases. The particular value of the isoelectric focusing signatures enabled by the charge-based Simple Western system for analysis of contextual structure--activity relationships probably lies in targets such as PKCδ, which reflect such complexity.

The current analysis of PKCδ response to ligands using the charge-based Simple Western system represents an early stage in the evaluation of the utility of this approach. Signatures such as observed in the treated cellular systems could be extended to define signatures in dissected tumor samples, reporting on signaling pathway regulation in the tissue sample. Modifications, such as the use of a validated detection tag, which could be coupled to any target of interest, would facilitate its generalized application to a wide range of targets, without needing to identify and validate specific antibodies for each target. Use of a fluorescent tag might simplify detection. An efficient system for subsequent identification of the specific sites of phosphorylation represented would move the analysis to the next step from response signature toward dissected phosphorylation pathway. Nonetheless, the methodology has already proven to be highly informative for our understanding of PKCδ pharmacology and regulation.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

All phorbol esters were purchased from LC Laboratories (Woburn, MA) unless otherwise specified (purity for all \>99%). Sapintoxin D (purity \>98% by HPLC) was from Enzo Life Sciences International Inc. (Plymouth Meeting, PA). Bryostatin 1 was provided by the Developmental Therapeutics Program, NCI (Frederick, MD). Bryostatin 1 was judged to be greater than or equal to 95% purity, as determined by ^1^H and ^13^C NMR, as well as HPLC analysis. The synthesis of Merle 23 was described earlier.^[@ref32]^ Merle 23 was isolated as single observable TLC spot in 40% EtOAc/hexanes, appeared as a single peak by reverse phase HPLC using a Waters 4.5 μm × 150 μm C18 column and was judged to be \>95% pure by 500 MHz ^1^H NMR and 125 MHz ^13^C NMR.

The LNCaP human prostate cancer cell line, fetal bovine serum (FBS), and RPM1-1640 medium were obtained from ATCC (Manassas, VA). Precast 10% SDS gels and PBS were from Invitrogen (Carlsbad, CA). The primary antibody against PKCα (sc-208) was from Santa Cruz Biotechnology (Santa Cruz, CA) and that against PKCδ was from Santa Cruz Biotechnology (sc-937) or BD Biosciences (San Jose, CA). The primary antibodies against phosphorylated PKCδ (pPKCδY311, pPKCδT505, pPKCδS643) and phosphorylated PKCα (pPKCαT638), pERK1/2 (no. 9101), and ERK1/2 (no. 9102) were from Cell Signaling (Danvers, MA). Those against PKCα (no. 1510-1), PKCδ (no. 2222-1), and phosphorylated PKCδ (pPKCδS299 and another antibody against pPKCδY311) were from Epitomics (Burlingame, CA). The mouse monoclonal antibody against β-actin was from Sigma (St. Louis, MO). The horseradish peroxidase conjugated secondary anti-rabbit antibodies, the nonfat dry milk, Tween-20, and the Triton X-100 solution were from Bio-Rad (Hercules, CA). The ECL (electrochemiluminescence) reagent and the films were from GE Healthcare (Piscataway, NJ). The following reagents were from ProteinSimple (Santa Clara, CA): 1× fluorescent pI standard 6.4, 7.0 and ladder 4 (no. 040-030, no. 040-031, and no. 040-647, respectively), 1× G2 premix 5-8 ampholyte (no. 040-973), Luminol (no. 040-652), and peroxide (no. 041-084). The secondary goat anti-rabbit antibody (no. 111-035-144) and donkey anti-mouse antibody (no. 715-035-150) used for charge-based Simple Western analysis were from Jackson ImmunoResearch (West Grove, PA).

Methods {#sec4.2}
-------

Cell culture, treatment of cells, preparation of total cells lysates and nuclear extracts, and the Western blotting were performed as described earlier.^[@ref33]^

Analysis by Charge Based Simple Western {#sec4.3}
---------------------------------------

Except for cell fractionation samples, cells were lysed with RIPA buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 1% NP 40 alternative, 0.25% sodium deoxycholate) containing phosphatase and protease inhibitors (EMD Millipore catalog no. 524624 and no. 539134, respectively). Cell lysates (approximately 20 ng of protein) were mixed with 1× G2 premix 5-8 ampholyte, and 1× fluorescent pI standard 6.4, 7.0, and ladder 4 before being loaded into the NanoPro1000 system (ProteinSimple, Santa Clara, CA) for analysis. During isoelectric focusing electrophoresis, proteins were separated by charge and concentrated at their respective isoelectric focusing points in the capillaries. Separated proteins were immobilized on the capillary wall using UV light, followed by immunoprobing with the indicated primary antibodies and HRP-conjugated goat anti-rabbit (1:100 diluted) or donkey anti-mouse (1:100 diluted) secondary antibody. The primary antibodies used in the study were the following: pPKCδS299 (1:50 diluted), PKCδ (1:100 diluted, Santa-Cruz sc-937), PKCα (1:50 diluted, Santa-Cruz sc-208), PKCδ (1:100 diluted, BD Biosciences no. 610397), pPKCδT505 (1:50 diluted, Cell Signaling no. 9374), and pPKCδS643 (1:50 diluted, Cell Signaling no. 9376). Luminol and peroxide were added to generate chemiluminescence, which was captured by a CCD camera. The digital image was analyzed by Compass software (ProteinSimple, Santa Clara, CA). Signal strength is presented as peak area and quantitated. The software calculates the height and area under the curve (AUC) of the separated/individual peaks. For quantitative analysis of PKCδ signals the AUC value of peaks was expressed as % of total AUC (sum of AUC of all peaks for that sample). For pPKCδS299 signals the AUC of individual peaks was expressed as % of total AUC of the PMA treated sample from the same set of runs to reflect the differences in PKCδ activation induced by the different treatments.

PKCδ profile in control LNCaP cells detected by two different antibodies by charge-based Simple Western system and the quantitation of the charge-based Simple Western data after treatment of LNCaP cells with different ligands. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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CSAR

:   contextual structure--activity relationship

DAG

:   *sn*-1,2-diacylglycerol

FBS

:   fetal bovine serum

FRET

:   fluorescence resonance energy transfer

GFP

:   green fluorescent protein

IEF

:   isoelectric focusing

PKC

:   protein kinase C

PMA

:   phorbol 12-myristate 13-acetate
